A unique feature of colon cancer is that truncation mutations in the APC (adenomatous polyposis coli) gene are common to most tumours. The high penetrance of APC mutations, especially in gut epithelium, supports the idea that APC may be involved in a number of the processes that govern the normal maintenance of this tissue: differentiation, migration, proliferation and apoptosis. Indeed, APC is involved in the regulation of β-catenin and it also is an important regulator of the cytoskeleton. Thus mutations in APC lead to the accumulation of β-catenin, which causes changes in differentiation, and they also produce changes in cytoskeletal organization, which results in altered cell migration and disrupted mitotic spindles. The function of APC in cytoskeletal organization is related to its effect on microtubules and F-actin. Depleting APC from cultured cells leads to changes in cytoskeletal organization. In addition, N-terminal fragments of APC, like those commonly found in tumours, compromise cell migration in Dictyostelium and in early developing chicken embryos. Consistent with the idea that such dominant effects are normally balanced by interactions within the full-length molecule, protein interactions of N-terminal fragments expressed in tumour cells can be altered by binding to C-terminal regions of APC commonly lost in tumours. This review summarizes effects of APC on the cytoskeleton and discusses how these functions of APC may contribute to its role in cancer.
Introduction
Truncation mutations in the gene encoding the APC (adenomatous polyposis coli) protein are common to most colorectal cancers. The best known function of APC is its role as a scaffold for the protein complex that regulates the phosphorylation and thus degradation of β-catenin in a Wnt-responsive manner [1] . However, loss of β-catenin regulation is not the only consequence of losing full-length APC that is relevant for the development of cancer. The overall cellular changes that result from loss of interactions between APC and cytoskeletal proteins are also important. In this summary, I will describe interactions of APC with cytoskeletal proteins and briefly discuss how these interactions may contribute to its role in colon cancer.
The APC protein
Cancer-associated truncation mutations in APC usually lead to the expression of N-terminal fragments, and the function of such residual N-terminal fragments may be important for cancer initiation and progression. This region of the APC protein contains heptad repeats that are predicted to form coiledcoil domains and might be involved in oligomerization [2] .
The N-terminal region of APC also contains two nuclear export signals that are required for shuttling of APC between the nucleus and cytoplasm and may interact directly with Crm-1 [3] .
Embedded in the heptad repeats of APC are armadillo repeats. Proteins that bind to this region of APC include the regulatory subunit of phosphatase 2A, Asef (APC-stimulated guanine nucleotide exchange factor) (for Rho family proteins), KAP3 (a linker protein for kinesins) and IQGAP (an effector of Rac1 and Cdc42) [4] [5] [6] [7] . Whether all these interactions can occur simultaneously, and how they are regulated, is not known.
The middle of the APC molecule contains domains that are important for interactions with proteins in the Wnt signalling pathway [8] . This includes three 15-amino-acid repeats that constitutively bind to β-catenin, and seven 20-amino-acid repeats that also bind to β-catenin but are regulated by phosphorylation [8] . In addition, this region contains three sets of SAMP (Ser-Ala-Met-Pro) domains that are involved in binding of APC to Axin, another scaffolding protein that is important for the Wnt-regulated β-catenin targeting complex [9] . The N-and middle region of APC are most highly conserved in the sequences of the APC proteins in different species (http://www.rzpd.de/cgi-bin/cards/carddisp?APC).
The C-terminal region of APC contains motifs that mediate interactions with a number of structural proteins: a stretch enriched in positively charged amino acids is similar to the microtubule-binding site of tau and represents the major microtubule-binding site of APC; the terminal 170 amino acids can bind to EB1, a small microtubule-tip-binding protein; the C-terminal 15 amino acids constitute a binding site for PDZ domains [10] [11] [12] .
The C-terminal third of APC proteins is the least well conserved between species, and the second, smaller APC proteins, E-APC and APC-2/L, do not contain a basic domain that is readily identifiable as a microtubule-binding site, an EB1-binding site or the C-terminal motif mediating binding to PDZ domains [13] . The role of this second APC protein in human cancer remains elusive.
Cytoskeletal links of APC
The importance of interactions between APC and the cytoskeleton is reflected by the distribution of the endogenous APC protein: in sub-confluent migrating epithelial cells, APC predominantly localizes to the peripheral ends of a subset of microtubules and accumulates in distinct clusters near the plasma membrane that coincide with areas of active cell migration, although the F-actin content at these sites is low [14] . In highly polarized cells, the highest concentration of APC is detected at the basal surface where plus ends of microtubules terminate, but some APC is also detectable at lateral membranes [15, 16] . APC may actually be involved in establishing such large microtubule arrays, as suggested by the finding that, in mice that are heterozygous for APC, the number of microtubules in such arrays is reduced significantly [15] .
Although the ability of APC to interact with KAP3 is at least partially responsible for its distribution, N-terminal fragments of APC that can bind to KAP3, but lack the direct microtubule-binding site, do not localize to microtubule plus ends efficiently, suggesting that a combination of direct and indirect interactions of APC with microtubules determines its peculiar distribution [17, 18] . To complicate matters further, the same region of APC that binds to KAP3 also stimulates Asef, an exchange factor for Rho proteins [5] , suggesting that APC can stimulate actin polymerization locally. This region of APC also binds to IQGAP, an effector of Rac1 and Cdc42, which provides further indirect links between APC and F-actin [7] . This may explain why APC can be detected in association with actin-rich structures [16] . The ability of APC to bind to other actin-associated proteins, including PDZdomain-containing proteins such as Dlg, may also contribute to this interaction [19] .
Loss of APC in cultured cells correlates with a decrease in the length of cellular protrusions during cell migration; conversely, overexpression of full-length APC protein in epithelial cells induces the formation of long cellular protrusions (K. Kroboth and I. Näthke, unpublished work). Microtubules in cells lacking APC appear to be less stable, indicating that APC protein in cells has an effect on the overall stability of the microtubule network (K. Kroboth and I. Näthke, unpublished work).
Consistent with a role for APC in establishing microtubule arrays, a lack of APC also leads to defects in the structure of mitotic spindles that can only be rescued by APC protein containing the direct microtubule-binding site [20] . In early mitosis, APC protein localizes to the ends of microtubules that are embedded at kinetochores, but APC is also present on spindle microtubules and centrosomes [20] [21] [22] [23] . Loss of APC leads to chromosome mis-segregation, suggesting that mutations in APC may contribute to cancer by causing aneuploidy [20] [21] [22] . Interestingly, N-terminal fragments that result from mutations in APC are not only unable to support the formation of normal mitotic spindles (because they do not bind to, and stabilize, microtubules), but also appear to exert a dominant effect on mitotic spindles [24, 25] .
We have found recently that, in addition to dominant effects on mitotic spindles, N-terminal tumour-associated fragments of APC can also have dominant effects on directed cell migration (I. Newton and I. Näthke, unpublished work). As a consequence, truncated forms of APC found in colorectal tumours suffer not only from a loss of APC function (owing to changes in the effects of APC on the microtubule cytoskeleton because microtubule binding sites are absent in such fragments), but also from a gain of function. We recently discovered that N-and C-terminal domains of APC interact with each other, and propose that these interactions may normally control the N-terminal regions. Consistent with this idea, the ability of isolated N-terminal fragments of APC in tumour cells to bind KAP-3 and BB56 are affected when C-terminal APC fragments are introduced into these cells [26] .
APC is also found in the nucleus and it has a number of nuclear import and export signals [3] . It is important to note that nuclear staining observed using many anti-APC antibodies has to be interpreted carefully because antibody cross-reactivity can contribute significantly to staining of APC in the nucleus [27] . One function that has been suggested for nuclear APC is the support of nuclear shuttling of β-catenin. However, nucleocytoplasmic shuttling of β-catenin can proceed independently of APC [3] . Other speculative functions for APC in the nucleus include its potential contribution to transcriptional regulation via its ability to bind DNA directly [28] .
The best-characterized function of APC is as a scaffolding protein in a multi-protein complex whose activity is modulated by Wnt-signalling [29] . This complex regulates the phosphorylation of β-catenin and thus controls the amount of β-catenin available for transcriptional activation. Other proteins that are part of this complex include GSK3β (glycogen synthase kinase 3β), β-catenin and axin, as well as several kinases and phosphatases. In the absence of extracellular Wnt signals, GSK3β in the APC β-catenin-axin complex is active to phosphorylate all three of these proteins, to increase their interaction. This phosphorylation of β-catenin creates a recognition site for ubiquitin ligases and leads to its destruction by the proteasome. In the presence of a Wnt signal, the protein Dishevelled inactivates GSK3β. This results in a decrease in the amount of β-catenin that is targeted for degradation, thus increasing the amount available to the cell.
Truncation mutations of APC that render it unable to bind and recruit β-catenin lead to an accumulation of β-catenin, which correlates with changes in transcriptional activation via TCF (T-cell factor)/LEF (lymphoid enhancer factor) transcription factors, and results in the expression of a variety of genes with the potential to change the proliferation and differentiation state of cells, including c-myc, cyclin D, ephrins and caspases [29] [30] [31] . However, there are additional pathways that contribute to the regulation of β-catenin and are independent of APC and other proteins involved in the Wnt-pathway. These include the p53-inducible Siah-1 protein [32] and a retinoid X receptor [33] . The contribution of these additional pathways to the regulation of β-catenin in colorectal cancer is not understood.
The intricate interplay of different protein interactions involving APC suggests that the distribution of APC between specific intracellular networks is determined by a variety of signals that depend on the cellular environment. One question that we have just begun to address is how the role of APC in the Wnt pathway is related to its ability to regulate microtubules. To this end, we recently discovered that the ability of APC to bind to microtubules and β-catenin is inversely related, so that, in cells with a large excess of β-catenin, little of the full-length APC in such cells is available to bind microtubules (G.A. Penman and I. Näthke, unpublished work). This suggests that changes in the regulation of β-catenin that are not caused by mutations in APC can indirectly compromise the ability of APC to act as a cytoskeletal regulator, and thus also lead to cytoskeletal defects that can contribute to cancer initiation and progression as described below.
Relationship between colorectal cancer and functions of APC
By interacting with a complex set of cellular proteins and pathways, APC contributes to differentiation, cell migration, proliferation and adhesion. The toxic environment of the gut lumen mandates that all cells other than stem cells maintain a short lifespan in this tissue. Active migration accompanies cell differentiation to ensure that epithelial cells in the gut are usually exfoliated within 3-5 days. As a consequence, normal gut maintenance requires that cell-cell and cell-substrate adhesion, along with migration, proliferation and differentiation, are balanced and maintained at all times. Mutations in APC are likely to affect all of these processes; changes in cell migration result not only from a loss of interactions between APC and microtubules, but also from dominant effects of isolated N-terminal fragments of APC on the F-actin cytoskeleton. Together, these changes lead to defects in cell migration, mitotic spindles and regulation of β-catenin (Figure 1) . The predicted consequences of these defects are that cells move less efficiently and thus spend more time in a toxic environment, which may allow additional mutations to accumulate. Defective mitotic spindles introduce an element of genetic instability that may be particularly penetrant in the constantly renewing gut tissue. Loss of normal β-catenin regulation leads to changes in tissue differentiation that are accompanied by changes in cell adhesion. This combination of effects that result from APC mutations may explain why mutations in this single gene are sufficient to initiate the development of cancer, particularly in the gut tissue.
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